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1

DIRECT CARBON ELECTROCHEMICAL
CELL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage Application, filed
under 35 U.S.C. § 371, of International Application No.
PCT/GB2012/052657, filed Oct. 25, 2012, which claims
priority to Great Britain Application No. 1118641.8, filed
Oct. 28, 2011; the contents of both of which are hereby

incorporated by reference in their entirety.

BACKGROUND

Related Field

The present invention relates to an electrochemical cell,
such as a fuel cell. Particularly though not exclusively, the
invention relates to a direct carbon fuel cell.

Description of Related Art

Carbon fuels have long been used for power generation
and there are a wide and abundant range of carbon reserves.
Examples of carbon fuels include biomass (e.g. wood,
coconut shells), coal, petroleum coke (residue from the
distillation process in refineries), pyrolytic carbon and mate-
rials derived from municipal waste.

Fuel cells that operate using solid fuel can be capable of
providing higher energy densities than fuel cells that operate
using gaseous fuel. For example, solid carbon contains a
high energy density per unit volume (1.e. 20.0 kWh/L)
compared with gaseous and liquid fuels such as methane
(4.2 kWh/L), hydrogen (2.4 kWh/L) or diesel (9.8 kWh/L).

In view of the above, direct carbon fuel cells, in which
carbon 1s directly converted to electricity show great prom-
1se. The electrical efliciency of carbon fuel cells can reach
close to 100% elliciency compared with traditional coal fired
power stations, which are generally limited to around
30-40% ethiciency. In addition, the carbon oxidation prod-
ucts (1.e. CO,) produced by direct carbon fuel cells are
relatively pure compared with the emissions from coal fired
power stations, which can include undesirable products such
as oxides of nitrogen and sulphur and particulate matter. The
relatively purity of the oxidation products allows simpler
sequestration without expensive and energy intensive sepa-
ration and purification processes.

As used herein, direct carbon fuel cells are electrochemi-
cal cells in which carbon 1s used as a fuel that i1s electro-
chemically oxidised by an oxidant on the anodes. The use of
the term “direct” herein does not mean one elementary
reaction step but instead 1s used as being indicative of direct
conversion of the fuel 1n one process, 1.e. without external
processes such as cracking. For example, the direct reaction
may 1include gasification and fuel cell reactions 1n one
chamber. Furthermore, although the term fuel cell 1s used, 1t
will be appreciated that the electrochemical cell need not be
continuously replenished with fuel and/or oxidant. It will be
appreciated that at least one of the anode and/or the cathode
side of the cell may be operated using a batch process or
single use process more akin to a battery.

Various types of direct carbon fuel cell are available, such
as cells having molten salt electrolytes, cells having elec-
trolytes comprising a solid membrane and cells having a
combination of both. In molten salt based cells, carbonates
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(CO,™) or hydroxides (OH™) are the major oxidant ions,
whereas 1n solid electrolyte systems, oxygen anions such as
O”" are the major oxidant.

Many molten salt systems sufler from problems associ-
ated with corrosion. Cells 1n which the electrolyte 1s entirely
solid state can sufler from mass transport issues due to a
reduction in the contact between the solid oxide electrolyte
and the fuel.

Examples of direct carbon fuel cells are described in
W02006/061639 and US2006/0019132, which describe
cells having solid electrolytes and anodes that comprise a
fuel and a liqud electrolyte.

In an 1deal anode reaction of a direct carbon fuel cell
comprising a solid oxide electrolyte, carbon 1s directly
oxidised to carbon dioxide as follows:

C+20%—=CO,+4e™

However, the actual anode reactions may be more com-
plicated. For example, a partial oxidation of carbon to
carbon monoxide 1s also possible:

C+0O%> —=CO+2e”

These reactions require a solid/solid interaction, as O*
ions are supplied from the solid electrolyte. However, direct
carbon fuel cells that also have a molten carbonate electro-
lyte may enhance the reaction, as the molten carbonate may
act as a mediator as follows:

C+2C0O;> —=3CO,+4e”

C+CO;* —=CO+CO,+2e”

These reactions can be followed by regeneration of the
carbonate 1ons as follows:

CO,+0* " —=CO*

The carbon can also be converted via a non electrochema-
cal reaction known as the reverse Boudouard reaction:

C+CO,—2CO

The carbon monoxide generated 1n some of the above
reactions can be converted into electric power via the
electrochemical oxidation of carbon monoxide at the anode
of the direct carbon fuel cell as follows:

CO+0* —=CO+2e”

Although the direct carbon fuel cell systems described
above show good promise, at least one object of the present
invention 1s to improve the performance of direct carbon
tuel cell systems and/or minimise or eliminate at least one
problem 1n direct carbon fuel cell systems, particularly with
respect to producing commercial or scaled up systems.

In particular, at least one object of at least one embodi-
ment of the present invention 1s to provide an improved
direct carbon fuel cell system that 1s capable of providing a
high power density from carbon based fuel sources, includ-
ing widely available waste products, and thereby provide a
practical system that achieves competitive performance and
durability.

BRIEF SUMMARY

According to the present invention, there 1s provided an
clectrochemical system for producing electricity, the system
comprising an electrochemical cell, the electrochemaical cell
comprising a cathode, a solid state first electrolyte and an
anode, wherein, the system further comprises an anode
chamber for receiving a second electrolyte and a fuel.
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The system may comprise or be comprised in a direct
carbon fuel cell system.

The system 1s operable or configured to be operated at a
temperature range ol between 600 and 850° C. In contrast,
conventional direct carbon fuel cell systems that comprise a
solid electrolyte are typically used at temperatures up to
1000° C.

The system may comprise or be comprised in a hybrnd
tuel cell system. The second electrolyte may preferably be at
least partially molten under operating conditions, for
example, 1 the range 600 to 850° C. The electrolyte may
comprise a molten salt under operating conditions. The tuel
may be solid and may be 1n powdered or granular form. The
tuel may be at least partially disposed in the second elec-
trolyte.

The first electrolyte and/or anode and/or cathode may be
provided using a thin film process. The electrolyte may be a
thin film electrolyte supported upon a thicker electrode,
typically anode. The electrolyte may be less than 50 um
thick, and preferably less than 10 um thick. An anode
support of 0.2-1 mm thick might be typical.

The anode chamber may be at least partially defined by an
anode housing. The anode housing may comprise at least
one anode chamber wall, which may define a hollow struc-
ture, such as a cylinder. The anode chamber may be at least
partially closed, for example, by a closing member that may
extend from the at least one anode chamber wall. The anode
housing may define an aperture. The aperture of the anode
housing may be closed or closable by the electrochemical
cell, which may be such that the anode chamber 1s defined
by the at least one anode chamber wall, the closing member
and the electrochemical cell.

The anode chamber may comprise at least one gas inlet
and/or outlet, for example, for supplying and/or exhausting
purge gas. The system may be configured to provide purge
gas comprising or consisting of carbon dioxide or inert gas,
such as helium, argon or nitrogen or containing steam to
assist 1n gasification.

The at least one anode chamber wall and the closing
member of the anode housing may be mtegrally formed. The
anode housing may advantageously be formed from or
comprise stainless steel, such as SS316 grade stainless steel.
The anode chamber may optionally be formed from or
comprise a ceramic material such as alumina.

The anode chamber may be provided with at least one and
preferably a plurality of support members for supporting the
clectrochemical cell. The support members may extend from
the closing member and/or the at least one chamber wall.
The support members may be integral with the closing
member and/or the chamber wall. The support members may
comprise pillars. The support members may extend to a
position substantially level or planar with the aperture

defined by an end of the anode chamber wall, 1.e. a part of
the anode chamber wall closest to the electrochemical cell.
In use, the support members may be arranged to contact,
support and/or apply pressure to the electrochemical cell 1n
at least one operating condition of the system. The provision
of such support members may prevent deformation of the
electrochemical cell.

The system may comprise an anode chamber seal. The
anode chamber seal may be provided on a distal face of the
anode chamber walls (1.e. a face of the anode chamber wall
closest to the electrochemical cell). In thus way, the anode
chamber seal may be provided or providable between the
anode housing and the electrochemical cell. The anode
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chamber seal 1s preferably planar and may be shaped to
compliment the end of the anode chamber wall, for example,
in the form of a ring.

The anode chamber seal may comprise at least first and
second seals.

An anode side current collector may be provided on the
anode side of the electrochemical cell, for example, 1n or
proximate the anode chamber. The anode side current col-
lector may comprise a metal wire and/or mesh, for example,
a nickel mesh or a silver mesh. The anode side current
collector may comprise one or more substantially planar
sheets of mesh. An electrical connector may extend from the
anode side current collector, and may extend between at
least the first and second anode seals, so as to extend
externally from the anode chamber to allow electrical con-
nections to the anode side current collector to be made. The
anode side current collector may be fixed between the at
least one anode chamber wall and the anode of the electro-
chemical cell and preferably also sealed between portions of
the first and second anode seals.

The anode housing may be mounted or mountable to a
cathode housing such that the electrochemical cell 1s pro-
vided, fixed and/or clamped between the anode housing and
the cathode housing, with the solid anode being provided
toward the anode housing and the cathode being provided
toward the cathode housing.

It will be appreciated that the electrochemical cell may
comprise at least one support substrate and/or interconnect
layer.

The cathode housing may comprise one or more open-
ings, for example, for admitting and/or expelling an oxidant
such as air and/or oxygen. The openings may form a gas
flow pattern. The cathode chamber may be formed from
stainless steel, such as stainless steel 316.

The cathode chamber may be provided with a cathode
side current collector. The cathode side current collector
may comprise a metal wire or mesh, such as a silver or
stainless steel mesh and preferably a silver coated stainless
steel mesh. Silver coating the current collector may improve
the oxidation resistance of the cathode side current collector.

A connector may be provided between the cathode and the
cathode side current collector. The connector may comprise
a tape and/or paste. The connector may comprise a cathode
maternial, such as a solid oxide, for example, Lanthanum
Strontium Manganite (LSM). The tape may be between 200
and 400 um thick. Provision of the tape between the cathode
and the cathode side current collector may improve the
current collection from the cathode.

A cathode side seal may be provided between the cathode
of the electrochemical cell and the cathode housing. The
cathode side seal may comprise at least two and preferably
at least three cathode seals. At least the first cathode seal may
be provided between the cathode and the cathode side
current collector. At least one and preferably at least two
second cathode seals may be provided between the cathode
side current collector and the cathode housing.

The anode chamber seal and/or cathode side seal may
comprise electrically insulating seals. The anode chamber
seal and/or cathode side seal may comprise a mineral seal.
The anode chamber seal and/or cathode side seal may
comprise at least one of steatite, vermiculite and/or a ver-
miculite derivative, such as exfoliated vermiculite, for
example thermally and/or chemically exfoliated vermiculite.
The anode chamber seal and/or cathode chamber seal may
preferably be polymer free. Seals comprising these materials
have been found to be especially suitable for use 1n direct
carbon fuel cells, being capable of providing a stable seal at
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high operating temperatures (e.g. 600 to 850° C.) and were
found to be resistant to degradation by the carbonates of the
second electrolyte under operating conditions. The sealing
arrangement described above also helps overcome problems
associated with thermal expansion mismatch, for example
between the anode and/or cathode housings and the electro-
chemical cell.

In an alternative or additional embodiment, at least one of
the above seals may comprise a ceramic and/or a ceramic
adhesive.

The system may be compression sealed or sealable. For
example, at least one and preferably at least two bolt holes
may be provided in the anode and/or cathode housings.
Preferably, at least four bolt holes may be provided. The bolt
holes may be provided in opposing pairs. A sleeve of
clectrically insulating material, such as an alumina tube,
may be provided or providable 1n at least one and preferably
cach bolt hole, such that the isulating sleaves are located
between the anode and/or cathode housing and any bolts
provided in the bolt holes. In this way, a suflicient compres-
sion force can be applied between the anode and cathode
housings using bolts, whilst short circuiting of the cell 1s
prevented by the insulating sleeves. The compression seal-
ing arrangement described above has been found to be
especially suitable for preventing leaks.

The electrochemical cell may comprise a planar cell. The
system may be configured to be provided with a plurality of
similar systems to form a stack.

The anode and/or cathode may be solid state under
operating conditions. At least one of the anode, electrolyte
and/or cathode may comprise a solid oxide material.

The cathode may comprise at least one solid state metal
oxide, such as lanthanum stronttum manganite (LSM), lan-
thanum doped strontium cobalt oxide (LSC) or a mixed
1ionic/electronic conducting ceramic with the formula (A, _
o1, ), ., BO; 5, where A may be lanthanum or barium, and B
may be manganese, iron, cobalt or a combination thereof.
The cathode may comprise yttria stabilised zirconia (YSZ)
in addition to at least one of the above cathode materials.

The system may comprise an interlayer, which may be on
or adjacent the cathode. The interlayer may be provided
between the cathode and the first electrolyte. The interlayer
may have a material composition that differs from both the
first electrolyte and cathode. Use of such an interlayer may
allow use of optimum cathode and electrolyte materials by
preventing reaction between the cathode and first electro-
lyte. An example of a suitable material that may be used 1n
the 1nterlayer 1s gadolinium doped cena.

The solid anode may comprise a solid state metal and/or
metal oxide, such as nickel, platinum, palladium, zinc, 1ron
or ceria. The metal oxide may be reduced in situ by the
carbon fuel. Suitable examples of anode maternials 1include
composite nickel oxide and YSZ, nickel cermet.

The first electrolyte may comprise a solid metal oxide
conducting oxygen 1ons, such as hainia, zirconia, alumina,
yttria, ceria, lanthanum gallate, or the like.

The first electrolyte may preferably and advantageously
comprise a ytiria stabilised zirconia and may have a cubic
crystal structure.

The second electrolyte may be molten under operating
conditions. The second electrolyte may comprise any of the
tollowing metal hydroxides/carbonates: lithium hydroxide,
sodium hydroxide, potassium hydroxide or mixture thereof;
lithium carbonate, sodium carbonate, potassium carbonate
or mixture thereol. Preferably the second electrolyte may
comprise a blend of lithium and potasstum carbonates 1n a

62:38 mol % ratio.
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The anode chamber may contain or be configured to
receitve a solid fuel material, such as a carbonaceous fuel.
The fuel may be 1n particulate or powder form, such as micro
or nano particulate form. The fuel may comprise, for
example, pyrolysed medium density fibreboard (p-MDF),
coal, coke, graphite, carbon black, activated carbon, or the
like.

The electrochemical cell system may be operable using,
and/or the anode chamber may contain or be configured to
receive, the fuel and second electrolyte 1 at least a 1:1
weilght ratio, preferably at least a 2:1 weight ratio and most
preferably at least a 4:1 weight ratio. For example, the
second electrolyte may be advantageously provided at 25 wt
% or less relative to the fuel. The electrochemical cell
system may be operable and/or the anode chamber may
contain or be configured to receive the fuel and second
clectrolyte at a mole ratio of at least 80:20, preferably
greater than 90:10 and most preferably at least 95:3, such as
977:3. The amount of second electrolyte may be at least one
of: (a) less than or equal to 20 mol %; or (b) less than 1:1
weilght ratio relative to the fuel.

The anode chamber may contain or be configured to
receive a catalyst, which may be 1n particle or powdered
form. The catalyst may comprise a metal such as nickel.
Other examples of materials that may be used as catalysts
include platinum, palladium, copper and/or 1ron. At least 10
wt % of catalyst to electrolyte and preferably at least 25 wt
% may be provided.

The anode chamber may be provided with an agitator,
stirrer or the like or be subject to sonification.

The system may comprise a feeder for feeding fuel and/or
second electrolyte to the anode chamber.

The system may be operable as or comprised or compris-
able 1n a tuel cell.

The system may be operable as or comprised or compris-
able 1n a battery.

According to a second aspect of the invention 1s a stack
or assembly comprising at least two systems of the first
aspect. The at least two systems may be linked by a common
tuel supply and/or exhaust and/or a common oxidant supply
and/or exhaust and/or be electrically connected.

According to a third aspect of the present invention 1s an
anode housing for use with the system of the first aspect.

The anode housing may define an anode chamber. The
anode housing may comprise at least one chamber wall,
which may be at least partially closed, for example by a
closing member that may extend from the at least one
chamber wall to at least partially close an end of the housing.
The anode chamber may comprise an open end.

The anode chamber may be provided with at least one and
preferably a plurality of support members for supporting an
clectrochemical cell. The support members may extend from
the closing member and/or the at least one chamber wall.
The support members may be integral with the closing
member and/or the chamber wall. The support members may
comprise pillars. The support members may extend to a
position substantially level or planar with an open end of the
anode housing.

The anode chamber may comprise an anode chamber seal,
which may be provided at a peripheral end of the chamber
walls, e.g. at an open end of the anode housing, such as an
end opposite the closing member. The anode chamber seal 1s
preferably planar and may be shaped to compliment the
peripheral end of the anode chamber wall, for example, 1t
may be ring shaped.

The anode chamber seal may comprise at least first and
second anode seals.
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The anode seals may comprise a mineral seal. The anode
seals may comprise steatite, vermiculite and/or a vermiculite
derivative, such as extoliated vermiculite, for example ther-
mally and/or chemically exioliated vermiculite. The anode
chamber seals may pretferably be polymer free.

According to a fourth aspect of the present mnvention 1s a
method of assembling a direct carbon fuel cell system of the
first aspect, the method comprising compression sealing an
clectrochemical cell between an anode chamber of the third
aspect and a cathode housing, wherein at least one seal 1s
provided between the anode chamber and/or the electro-
chemical cell and/or the cathode chamber.

The seal may comprise at least one feature of the seals
described 1n relation to any of the other aspects of invention.

According to a fifth aspect of the present invention 1s a
method of operation of an electrochemical cell of the first
aspect or stack or assembly of the second aspect 1n order to
produce electrical power.

The method may comprise connecting the electrochemai-
cal cell and/or stack or assembly to an electrical load and/or
supplying fuel to the anode chamber and/or oxidant to the
cathode.

The method may comprise supplying purge gas to the

anode chamber. The purge gas may comprise nitrogen or
argon but preferably comprises or consists of carbon diox-
ide.

Features analogous to those described in relation to any of
the above aspects may be applicable to any of the other
above aspects. Method features analogous to those described
above 1n relation to an apparatus and/or apparatus features
analogous to those described above 1n relation to a method
may also be provided.

BRIEF DESCRIPTION ON THE FIGURES

Various aspects of the invention will now be described by
way of example only and with reference to the accompany-
ing drawings of which:

FIG. 1 1s an electrochemical cell according to an embodi-
ment of the invention:

FIG. 2 1s an anode chamber of the electrochemical cell of
FIG. 1;

FI1G. 3 1s a cathode chamber of the electrochemical cell of
FIG. 1;

FI1G. 4 1s a scanning electron micrograph of p-MDF as an
example of a fuel for use 1n the electrochemical cell of FIG.
1,

FIG. 5 15 a plot of the Open Circuit Voltage of the cell of
FI1G. 1 with time;

FIG. 6 shows polarisation and power density plots for the
cell of FIG. 1 over a range temperatures;

FI1G. 7 shows the varniation of current with time for the cell
when operated potentiostatically at 650° C.;

FIG. 8 shows the vanation of current with time for the cell
when operated potentiostatically at 750° C.;

FIG. 9 1s an electrochemical cell according to an embodi-
ment of the invention;

FIG. 10a 1s an AC impedance spectrum taken using a cell
analogous to that shown in FIG. 9 at 750° C. 1n the absence
ol a second electrolyte, having nitrogen as a purge gas and
wherein the cell has a 1 mm thick solid electrolyte and a
cathode comprising LSM;

FIG. 106 1s an AC impedance spectrum taken using a cell
corresponding to that used in the collection of the spectrum
of FIG. 10a but having a second (molten carbonate) elec-
trolyte;
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FIG. 10c¢ 1s an AC impedance spectrum taken with a cell
analogous to that used 1n the collection of the spectrum of

FIG. 105, but having a 5 um thick, thin film electrolyte;

FIG. 104 1s an AC impedance spectrum taken with a cell
analogous to that used 1n the collection of the spectrum of
FIG. 10¢, but using CO, as the purge gas;

FIG. 10e 1s an AC impedance spectrum taken with a cell
analogous to that used in the collection of the spectrum of
FIG. 104, but wherein the cell has a cathode comprising
LSC;

FIG. 11 shows cell performance plots obtained at 750° C.
using cells as described above in relation to FIGS. 10¢ and
10d;

FIG. 12a 1s an AC impedance spectrum with the ohmic
resistance subtracted collected using a symmetrical cell
having a composite LSM/YSZ (50:350 weight ratio) elec-
trode on a YSZ electrolyte;

FIG. 1256 1s an AC impedance spectrum with the ohmic
resistance subtracted collected using a symmetrical cell
having a LSC electrode on a Gd-doped ceria electrolyte;

FIG. 13 shows current-voltage characteristics of a cell
having a LSC cathode, a 5 um thick YSZ electrolyte, a nickel
cermet anode and a Ce, ,Gd, O, interlayer between the
cathode and electrolyte at 750° C.;

FIG. 14 shows a plot of current density over time obtained
using the cell described 1n relation to FIG. 13;

FIG. 15 1s a cross sectional SEM 1mage of cell comprising
a NI/YSZ anode, a 5 um thick YSZ electrolyte and a

LSM/YSZ composite cathode;

FIG. 16a 1s a SEM 1mage of the surface of freshly
prepared YSZ;

FIG. 1656 1s a SEM 1mage of the YSZ shown 1n FIG. 164
after being etched 1n lithium and potassium carbonate at
700° C. for 10 hours;

FIG. 17 1s a SEM image of the surface of a YSZ
membrane that has been used as an electrolyte 1n the cell of
FIG. 9, wherein the surface has been subjected to lithium
and potassium carbonate at 700° C. for 10 hours and
clectrochemaical operation of the cell and wherein the shown
portion of membrane was located near the edge of the anode.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

FIG. 1 shows a cross section of a direct carbon fuel cell
system 5. The system 35 comprises a solid oxide electro-
chemical cell 10 provided within a cell housing 135. The
clectrochemical cell 10 comprises a solid oxide anode 20, an
ionically conducting solid oxide electrolyte 25 and a solid
oxide cathode 30.

The housing 15 comprises two non-i1dentical parts 35, 40,
as shown 1n FIGS. 2 and 3, namely an anode housing 35 and
a cathode housing 40 that are compression sealable together
so as to sandwich the cell 10 between them, with the anode
20 of the cell 10 facing the anode housing 35 and the cathode
30 of the cell 10 facing the cathode housing 40. In use, the
cell 10 1s arranged such that the anode housing 35 forms an
upper end or top of the system 3 and the cathode housing 40
forms a lower end or bottom of the system 3. The anode
housing 35 1s larger than the cathode housing and 1s con-
figured to hold a mixture of fuel, catalyst and a second
clectrolyte that 1s molten at operating temperatures.

An anode side current collector 83 1s provided adjacent to
the anode 20 and a cathode side current collector 100 1s
provided adjacent to the cathode 30. A plurality of electri-
cally insulating seals 75, 80, 95, 105 are provided between
the anode housing 35, the electrochemical cell 10 and the
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cathode housing 40 such that the electrochemical cell 10
contacts only the seals 80, 105 and the current collectors 85,
100.

In the particular electrochemaical cell 10 illustrated in FIG.
1, the anode 20 comprises N1 doped yttria stabilised zirconia
(N1-YSZ). The thin film electrolyte 25 1s formed from YSZ
and 1s disposed on the anode. The thin film cathode 30
comprises lanthanum strontium manganite (LSM) or a LSM/
YSZ composite and 1s provided on the electrolyte.

The anode 20 and cathode 30 are more porous and less
dense than the electrolyte 25. An example of a suitable
anode composition 1s 60 wt % of nickel oxide and 40 wt %
YSZ and an example of a suitable cathode composition 1s 50
wt % LSM and 50 wt % YSZ. In the present example, the
anode 20 1s 1 mm thick and the electrolyte 25 1s 5 um thick.
However, 1t will be appreciated that these dimensions and
compositions may be varied or replaced by other suitable
solid oxide cell arrangements known 1n the art. Such thin
f1lm cells 10 can be produced by techniques known 1n the art,
such as slurry coating and/or screen printing.

Although the cell 10 can be planar or cylindrical, the
preferred cell configuration for the embodiment illustrated
herein 1s planar. According to various embodiments, the cell
10 can be either an anode supported cell or an electrolyte
supported cell, wherein the supporting component 1s gener-
ally made thicker in order to impart additional mechanical
integrity to the cell. However, the cell 10 illustrated 1n FIG.
1 1s advantageously an anode supported cell. Furthermore,
although the cell 10 can be provided 1n any suitable shape
according to the application, such as square or rectangular,
in the embodiment described herein, the cell 10 1s circular

The housing 15 1s formed from stainless steel, such as
stainless steel grade 316.

The anode housing 335 i1s 1n a generally cylindrical form
and comprises an anode housing wall 45 1n the form of a
hollow cylinder and 1s closed at a first (proximate) end by an
end wall 50 of the anode housing. The cell 10 1s provided at
a second (distal) end 70 of anode housing wall 45 that 1s
opposite to the end wall 50, so as to close the second (distal)
end. In this way, the anode housing wall 45, end wall 50 and
cell together define an anode chamber 52.

As shown 1n FIG. 2, a plurality of discrete support pillars
535 extend from the end wall 50 of the anode housing 35 nto
the anode chamber 52 such that their distal ends are level or
coplanar with the second (distal) end 70 of the anode
chamber wall 45 that 1s adjacent the cell 10. In the present
embodiment, a central pillar 35 1s provided 1n the centre of
the anode chamber 52 and a plurality of further pillars 35 are
arranged 1n one or more concentric circles around the central
pillar 55. In this way, when the system 5 1s assembled, the
pillars 35 may apply pressure on the cell 10 and/or provide
additional mechanical support to the cell 10 1n at least one
operational condition of the cell.

In this embodiment, the anode chamber walls 45, the end
wall 50 of the anode housing 35 and the pillars 55 are
integrally formed, being advantageously machined from a
single part so as to minimise sealing requirements and
reduce the opportumity for leakage. However, 1n alternate
embodiments, the anode housing 35 may be formed from
twoO Oor more separate parts.

A purge gas inlet 60 and purge gas outlet 65 are provided
in the anode housing 335 close to the end wall 50. In this way,
purge gas can be provided to the anode chamber 52. The
purge gas may be, for example, carbon dioxide, nitrogen or
argon. Advantageously, 1t has been found that purging the
anode chamber 52 with carbon dioxide may increase the
energy output of the system 5 compared to the situation
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where nitrogen purge gas 1s used. The rate at which purge
gas 1s supplied depends on the size of the anode chamber 52
and the operating conditions but may be, by way of example
only, approximately 20 ml/min.

Although not shown, 1t will be appreciated that the anode
housing 35 may be provided with a fuel inlet and/or outlet
to provide fresh fuel to the anode chamber 52 on demand, for
example, 1n a continuous or semi-continuous process. How-
ever, 1t will be appreciated that the system 5 can also be
configured for use 1in a batch mode or as a single use system,
akin to a battery, wherein the system 5 1s run until the fuel
1s used. In batch mode, the fuel can be replenished or
replaced periodically. The system S shown 1n FIG. 1 and the
experimental results described herein relate to batch opera-
tion by way of example only.

The end 70 of the anode housing wall 43 that 1s proximate
to the cell 10 at the second (distal) end of the anode housing
35 1s provided with first and second seals 75, 80, each of the
first and second seals 75, 80 of the anode housing 35
comprising a layer formed from electrically insulating, poly-
mer Iree chemically exioliated vermiculite and steatite, for
example, as commercially available under the trade name
Thermiculite® 886 from Flexitallic. Advantageously, 1n an
embodiment, each sealing layer has a thickness 1n the range
of 300 um to 1 mm. Each seal 75, 80 1s provided in a ring
shape to compliment the shape of the distal end 70 of the
anode housing walls 45.

The anode side current collector 85 comprises a sheet of
expanded Nickel mesh located at the open second end 70 of
the anode housing 35 facing the cell 10 so as to be at least
partially supported by the seals 75, 80. An electrical con-
nector extends from the anode current collector 85 out of the
anode chamber 52 between the first and second anode seals
75, 80 to allow external electrical connections to be made.
The anode current collector 85 1s provided adjacent the
anode 20 and a part of the current collector 1s supported
between mner portions of the first and second seals 75, 80
so as to preventing leakage of liquid electrolyte.

As shown 1n FIGS. 1 and 3, the cathode housing 40 1s
provided with airflow channels 90 that define an air inlet and
an outlet that direct air flow to and from the cathode 30. A
fourth seal 105 comprising two sealing layers 1s provided
between the cathode housing 40 and the cathode 30, each
sealing layer comprising a mineral based material (for
example as described 1n relation to the first and second
anode seals). The fourth seal 105 defines openings that allow
airflow between the airflow channels 90 i the cathode
housing 40 and the cathode 30 whilst preventing air escap-
ing from the sides of the system 5 through the seal 103.

The cathode side current collector 100 comprises a silver
coated stainless steel expanded mesh and 1s provided adja-
cent the fourth sealing layer 105. The silver coating prevents
corrosion of the cathode side current collector 100, which
may otherwise increase the resistance of the current collec-
tor 100. A third seal 95 comprising a mineral based ring
shaped sheet that defines an aperture 1s provided between the
cathode side current collector 100 and both the cathode 30
of the electrochemical cell § and the second seal 80 on the
anode side. The composition of the third seal 95 1s as
described above 1n relation to the first and second anode
seals. The third seal 1s shaped and sized to seal around the
periphery of the cell 10. The cathode side current collector
100 at least partially extends over the area defined by the
aperture of the third seal 95 and a portion of the cathode side
current collector 1s supported between the third and fourth
seals 95, 105. An electrical connector extends from the
cathode side current collector 100 out of the housing 15
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between the third and fourth seals 95, 105 to allow electrical
connections to a load to be made.

A layer of conductive tape 110 1s provided in the aperture
defined by the third seal 95 and extends between the cathode
side current collector 100 and the cathode 30, such that the
tape 110 functions as a conductive interconnect. The tape
110 comprises cathode material (1n this case LSM) and 1s,
for example, around 300 microns thick.

Both the anode housing 35 and the cathode housing 40 are
provided with complimentary bolt holes 115. The bolt holes
115 are provided with insulating sleeves (not shown), such
as alumina tubes, such that bolts (not shown) can be passed
through the msulating sleeves and bolt holes 115 in both the
anode and cathode housings 33, 40 in order to compression
seal the cell 10 between the anode and cathode housings 35,
40 and the seals 75, 80, 95, 105.

As an example of the preparation of a suitable anode
supported electrochemical cell, nickel oxide and YSZ 1n a
60:40 weight ratio are mixed by ball milling and used to
form a 1 mm thick anode. A slurry of YSZ that has been ball
milled with an organic solution, binder and a polymer 1s
coated onto the anode substrate. The half cell comprising the
anode and solid electrolyte 1s sintered, for example, at 1350°
C. for 5 hours. The LSM cathode 1s then screen printed on
the solid electrolyte. Optionally, the anode and cathode can
be partially coated with a silver paste.

In this example, a solid fuel 120 1n the form of particulate
carbon, and more specifically, pyrolysed medium density
fibreboard (p-mdf) 1s provided 1in the anode chamber 52. In
this specific example, the p-mdf 1s provided as a blend of
three particle sizes (10, 15 and 20 mesh) 1n roughly equal
amounts. A scanning electron micrograph of the p-mdf
particles 1s shown in FIG. 4.

The molten electrolyte 125 comprises carbonates that are
molten at the operating temperatures of the system 5 (e.g.
between 600 and 800° C.). In this specific example the liquid
clectrolyte 125 1s a eutectic mix of lithium carbonate and
potassium carbonate 1 a 62:38 mol % ratio. The material
that will be melted to form the molten electrolyte 125 was
prepared by mixing the carbonates in the required ratios and
then ball milling 1n acetone.

The anode chamber 1s 1nitially provided with a mixture of
the material for the molten electrolyte 125 and fuel 120 by
mixing 80 mol. % of the fuel to 20 mol. % electrolyte. 25 wt.
% (relative to the electrolyte) of nickel metal power 1s also
provided 1n the liquid electrolyte/fuel mixture 1 order to
promote catalytic activity. The fuel/electrolyte/catalyst mix-
ture 1s poured into the anode chamber 52 so as to contact the
anode 20 and the anode chamber 52 1s topped up to a level
just below the purge gas inlet 60 and outlet 65 with addi-
tional fuel 120 such that the electrolyte/tuel/catalyst mixture
was provided adjacent the anode 20 with excess fuel 120
being provided above the electrolyte/fuel layer. A space for
accommodating purge gas 1s leit above the excess fuel 120.

It will be appreciated that, 1n use, the system 3 1s com-
binable with a plurality of similar systems 5 repeated in
series to form a stack, as 1s known 1n the art. Furthermore,
the system 35 1s provided with ancillary and environmental
control apparatus (not shown) such as heaters, heat exchang-
ers, cooling systems and the like, as 1s known in the art. The
system 5 1s operated using a controller (not shown), for
example, for controlling at least one of the electrical output,
supply of fuel and/or oxidant, purge gas supply and heat
control.
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Electrochemical measurements were performed using a 4
wire measurement configuration.

The anode chamber 52 was flushed with nitrogen at room
temperature to remove any oxygen. The system 5 was heated
up to 500° C. at a ramp rate of 0.7° C./min and thereafter
heated up to 600° C. at 2° C./min. A flow of air was supplied
to the cathode.

FIG. 5 shows the open circuit voltage (OCV) of the
system recorded at 800° C. with no gas flow 1n the anode
chamber 52, showing that a stable OCV 1s achieved. Nitro-
gen flow 1n the anode chamber induces a slight decrease 1n
the cell voltage. However, 1t 1s clear that OCVs 1n excess of
1V are obtainable. The addition of the nickel catalyst in the
carbonate melt increases the OCV.

FIG. 6 shows polarisation curves and associated power
densities obtained from the system 5 at different tempera-
tures 1n the range from 650 to 820° C. The maximum power
density was 72 mW/cm”, maximum power exceeds 1 W (in
the case of a cell having a surface area of 16 cm”) and was
obtained at 770° C. It can be seen from FIG. 6 that the OCV
increases with temperature. For each temperature tested, the
OCYV was above 1V.

FIGS. 7 and 8 show the short term evolution of the current
under a constant load at constant temperature. Both mea-
surements were taken once the system 3 had been stabilised
at a chosen temperature. FIG. 7 shows the short term current
evolution of the system at 650° C. It can be seen from this
that the current increases steadily with temperature. FIG. 8
shows the short term current evolution at 750° C., where the
current undergoes a slight 1nitial drop, before slowly reach-
ing a stable value.

An alternative hybrid direct carbon fuel cell system 1000
1s shown 1n FIG. 9, which 1s used to illustrate the effect of
certain operational parameters and design options on the
performance of the system 1000.

The system 1000 comprises an electrochemical cell 1015,
which 1n turn comprises a solid anode 1010, a solid elec-

trolyte 1045 and a solid cathode 1030. Each of the anode
1010, electrolyte 1045 and cathode 1030 comprise solid
oxide materials.

A first alumina tube 1005 1s sealed to an anode 1010 of the
clectrochemical cell 1015 to form an anode chamber 1020.
The first alumina tube 1005 1s sealed to the cell 1015 using
ceramic seals 1040. For example, a suitable seal can be
formed from an alumina based paste such as Aremco®
Ceramabond® 3552.

A second alumina tube 1025 1s fixed to the cathode 1030
of the cell 1015 to form a cathode chamber 1035.

In one embodiment, the electrochemical cell 1015 1s an
clectrolyte supported cell, wherein a N1O—YSZ anode (in a
60/40 rat10) 1010 and a LSM-YSZ composite cathode 1030
are screen printed on opposing sides of a dry pressed 1 mm
thick YSZ electrolyte 1045. The anode 1010 and electrolyte
1045 are calcined at 1350° C. for 2 hours then the cathode
1030 was calcined at 1100° C. for 2 hours.

In another embodiment, the cell 10135 1s an anode sup-
ported cell having the same anode, electrolyte and cathode
materials as the electrolyte supported cell. The anode sup-
ported cell 1015 1s produced by slurry coating, wherein the
anode materials are milled and formed 1nto a 1 mm thick
substrate. A slurry of YSZ that has been ball milled with an
organic solution, binder and a polymer 1s coated onto the
anode substrate. The anode 1010 and electrolyte 1043 are
then sintered at 1350° C. for 5 hours. The cathode material
1s then screen printed onto a side of the electrolyte 1045
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opposing the anode 1010 and calcined. In this embodiment,
the anode 1010 1s 1 mm thick whilst the electrolyte 1045 1s
S um thick.

For both the anode supported cell and the electrolyte
supported cell, a silver paste 1050 was painted on both the
anode 1010 and cathode 1030 1n order to act as a current
collector.

Further alumina tubes 1055, 1060 are inserted inside the
anode and cathode chambers 1020, 1035. Silver wires 1065,
10770 are run from the respective current collectors 1050 and
through the further alumina tubes 10335, 1060, 1n order to
provide external electrical connections for measurements.
Control sensors 1075 such as thermocouples may also be
routed through the further alumina tubes 1055, 1060. In
addition, purge gas 1080 may also be provided via the
turther alumina tube 1055 on the anode side.

The anode chamber 1020 1s filled with mixture of fuel
1085 and a second clectrolyte 1090. The fuel 1085 1s a
pyrolized medium density fibreboard (p-mdif). The p-mdf 1s

produced by pyrolizing mdf at 400° C. 1n nitrogen for 10
hours and has a composition 70.4% C, 4.6% N and 3.5% H,

with the remainder anticipated to be oxygen. The second
clectrolyte 1090 comprises metal carbonates that are molten
at operating temperatures (e.g. around 600 to 800° C.). In
this instance, the second electrolyte 1090 comprises a 62:38
mole ratio eutectic blend of lithium and potassium carbon-
ates. The fuel 1085 and second electrolyte 1090 are provided
in a 4:1 wt ratio.

If the system 1000 comprises an electrolyte supported cell
1015 and operated without the second electrolyte 1090, 1.e.
such that the anode chamber 1020 contains only fuel 1085,
then the total system resistance is over 11 Qcm” at 750° C.
An AC impedance spectrum collected with this system 1s

shown 1n FIG. 10a.

FIG. 106 shows an AC impedance spectrum collected
using the above system when the second electrolyte 1090 1s
provided (1.e. the system 1s a hybrid system). In this case, the
total cell resistance reduces to 8.7 Qcm” at 750° C.

If the cell 1015 1s an anode supported cell rather than an
clectrolyte supported cell, as described above, such that the
clectrolyte 10435 1s much thinner (e.g. In the order of microns
rather than millimeters, 1n this case 5 um), the performance
improves markedly, increasing from 70 mW-cm™> for the
electrolyte supported cell to 390 mW-cm™ for the corre-
sponding anode supported cell under the same conditions.
An AC spectrum collected using the system 1000 having an
anode supported cell 1015 1s shown 1 FIG. 10c¢

For each of the above measurements, the purge gas used
1s nitrogen. As shown in FIG. 11, 1f carbon dioxide is
substituted for nitrogen as the purge gas, then the perfor-
mance of the cell increases further, in this case from 390
mW-cm™~ to 500 mW-cm™* for the system comprising an
anode supported cell. An AC spectrum of the system 1000
when purged with CO, 1s shown 1n FIG. 10d4. Without
wanting to be bound by any specific theory, the higher
performance under CO, may be due to enhanced electro-
chemical processes or carbonate stability.

The present inventors have found that the resistance of the
cathode 1035 contributes a large proportion of the total
resistance of the anode supported system at 750° C. When
a cell having a lanthanum doped strontium cobalt (LSC)
cathode with a protective interlayer 1s used instead of the
corresponding cell having cathode comprising a composite
of LSM/YSZ, the cell performance 1s improved. In this
example, the interlayer comprises gadolinium doped cera.
The protective interlayer serves to prevent reaction between

the LSC and the YSZ of the electrolyte.
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FIGS. 12a and 126 show the eflect of choice of cathode
1035 and solid electrolyte 1045 matenial. In particular, FIG.
12a shows an AC mmpedance spectrum of a system 1000
having the general structure shown in FIG. 9, where the
cathode 1035 comprises lanthanum doped strontium man-
ganite (La, {51y 5)g osMNO; (LSM) and YSZ 1n a 50:50 wt.
% ratio, whilst FIG. 126 shows a corresponding system
where the cathode 1035 comprises lanthanum doped stron-
ttum cobalt La, .Sr, ,Co0O, o 1n conjunction with a Ga-
doped ceria interlayer. As shown in FI1G. 13, the system 1000
having the LSC based cathode 1035 was found to have
improved performance of 680 mW-cm™ at 750° C., com-
pared with the 500 mW-cm™~ achieved by the corresponding
L.SM based system 1000 under similar conditions.

FIG. 14 shows the stability of the system 1000 1n the short
term when run in a “battery-like” mode, wherein, a single
batch of fuel 1085 1s provided and no further fuel 1085 1s
supplied. This shows that the system 1000 can be run at over
300 mA-cm~~ in this configuration for 1 hr without degra-
dation. Performance drops ofl after this time. The drop ofl 1n
performance depends on the consumption rate of carbon.
Stirring has also been found to recover performance. There-
fore, longer term performance 1s anticipated for systems
1000 having means for supplying fuel and/or means for
agitating the second electrolyte 1090/fuel 1085.

The present inventors have surprisingly found that thin
YSZ solid electrolyte 1045 that are less than 10 um thick,
show no significant change or failure after 10 hrs of opera-
tion, as shown in FIG. 15. The understanding 1n the art
suggests that molten carbonate electrolyte 1090 and YSZ
clectrolyte 1045 would react, for example, to form lithium
zirconate.

It has been found by the present inventors that cubic
compositions of YSZ have reduced lithium zirconate for-
mation relative to other configurations, such as tetragonal.
Again, without wishing to be bound by any particular theory,
this might be due to a higher yttrium content and/or larger
grain size of the cubic matenal relative to tetragonal mate-
rial.

In addition, cubic zirconias (8 mol % YSZ) when aged
with molten carbonate show some etching and surface
reorganisation (as shown in FIGS. 16a and 165, where FIG.
16a shows a SEM 1mage of a freshly prepared surface of
cubic YSZ and FIG. 166 shows the same surface after
ctching 1n a eutectic mix of lithtum and potassium carbonate
at 700° C. for 10 hours. For corresponding samples that have
been aged in the above system 1000 under operation under
clectrical load (e.g. as shown i FIG. 17, which shows a
SEM 1mage of a YSZ membrane surface that has been used
in a cell that has undergone electrochemical measurement
and has been immersed 1 a eutectic lithium/potassium
carbonate electrolyte for 10 hours) little evidence of surface
change 1s detected.

As such, 1t seems that a number of factors may help to
stabilise the YSZ, including higher yttnia content, lower
impurity content, high availability of YSZ 1n the thick anode
support and application of potential and/or current.

Although various embodiments of fuel cell system 5,
1000 have been described, it will be appreciated that features
of each of the above systems 5, 1000 are interchangeable.
For example, the choice of considerations such as purge gas,
clectrolyte material and/or thickness, and/or cathode mate-
rials described in relation to the embodiments shown in FIG.
9 apply equally to the embodiments described in relation to
FIG. 1 and the sealing and anode housing embodiments
described 1n relation to FIG. 1 may apply equally to embodi-
ments described in relation to FIG. 9. Advantageously,
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teatures of the embodiments described 1n relation to FIGS.
1 and 9 can be combined to produce a commercial scale fuel
cell system that shows good sealing and electrical perfor-
mance properties with a long operational life.

A skilled person will appreciate that variations of the
disclosed arrangements are possible without departing from
the mvention. For example, whilst the cell housing 15
described herein 1s 1n a cylindrical configuration, 1t will be
appreciated that other configurations that define a hollow
chamber may be used, such as a box like configuration.
Furthermore, whilst the solid anode 20 has been described as
comprising Ni1-YSZ, the electrolyte 25 as comprising YSZ
and the cathode 30 as comprising LSM, 1t will be appreci-
ated that other anode, electrolyte and/or cathode chemistries
may be used. For example, the anode may comprise a cermet
and/or the cathode may comprise lanthanum doped stron-
tium cobalt oxide, preferably with a protective layer such as
gadolimum doped ceria between the cathode and electrolyte.
Furthermore, whilst the system 5 has been described 1n
terms of using carbon fuel 120 1n the form of p-mdi, i1t wall
be appreciated that other solid fuels may also be used, such
as coal or coke. Indeed, it will be appreciated that the system
may even by conceivably used with non carbonaceous solid
tuels. Accordingly the above description of the specific
embodiment 1s made by way of example only and not for the
purposes of limitation. It will be clear to the skilled person
that minor modifications may be made without significant
changes to the operation described.

The invention claimed 1s:
1. A direct carbon fuel cell system, the system comprising:
an electrochemical cell, the electrochemical cell compris-
ing a cathode, a solid state first electrolyte and an
anode;
an anode housing that at least partially defines an anode
chamber at least one of containing or being configured
to receive a second electrolyte and a fuel;
a cathode housing that comprises one or more openings
for at least one of admitting or expelling an oxidant;
and
at least one anode chamber seal and at least one cathode
seal,
wherein:
the electrochemical cell 1s provided between at least
part of the anode housing and at least part of the
cathode housing, with the anode being provided
toward the anode housing and the cathode being
provided toward the cathode housing;

the at least one anode chamber seal 1s provided between
the anode housing and at least one of the electro-
chemical cell, the cathode housing, or the cathode
seal:

at least one cathode seal 1s provided between the
cathode housing and at least one of the electrochemi-
cal cell, the anode housing, or the anode seal; and

the second electrolyte and fuel are provided in the
anode chamber, the amount of the second electrolyte
being at least one of: (a) less than or equal to 20 mol
%; or (b) less than 1:1 weight ratio relative to the
tuel.

2. A direct carbon fuel cell system according to claim 1,

wherein the anode housing comprises stainless steel.

3. The system of claim 1, wherein:

the second electrolyte 1s at least partially molten under
operating conditions; and

the cell 1s configured for operation at temperatures
between 600 and 850° C.
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4. The system of claim 1, wherein the anode, cathode and
first electrolyte comprise solid oxide materials.

5. The system according to claim 1, wherein the electro-
chemical cell 1s a planar cell.

6. The system according to claim 1, wherein the anode
chamber comprises at least one gas 1nlet or outlet, for at least
one of supplying or exhausting gas, the system being con-
figured to provide gas comprising at least one of carbon
dioxide, helium, argon, nitrogen, or steam.

7. The system according to claim 1, further comprising a
cathode side current collector, wherein the cathode side
current collector comprises at least one of a silver or silver
coated stainless steel wire or mesh and/or a connector 1s
provided between the cathode and the cathode side current
collector, wherein the connector comprises a solid oxide
material.

8. The system according to claim 1, wherein the cathode
comprises at least one of lanthanum strontium manganite
(LSM), lanthanum doped strontium cobalt oxide (LSC) or a
mixed 1onic/electronic conducting ceramic with the formula
(A;Sr,), ,BO; 5, where A may be lanthanum or barium,
and B may be manganese, 1ron, cobalt or a combination
thereol and/or yttria stabilised zirconmia (YSZ).

9. The system according to claim 1, wherein the system
comprises an interlayer on or adjacent the cathode, the
interlayer having a material composition that differs from
both the first electrolyte and cathode.

10. The system according to claim 1, wherein the anode
comprises at least one of nickel, platinum, palladium, zinc,
iron, ceria, composite nickel oxide and YSZ, nickel cermet.

11. The system according to claim 1, wherein the second
clectrolyte comprises at least one of lithium hydroxide,
sodium hydroxide, potassium hydroxide or mixture thereof;
lithium carbonate, sodium carbonate, potassium carbonate
or mixture thereof.

12. The system according to claim 1, wherein the fuel
comprises at least one of pyrolysed medium density fibre-
board (p-MDF), coal, coke, graphite, carbon black or acti-
vated carbon.

13. The system according to claim 1, wherein the anode
chamber 1s provided with an agitator, or stirrer, or subject to
sonification.

14. The system according to claim 1, wherein the system
comprises a feeder for feeding fuel and/or second electrolyte
to the anode chamber.

15. A method of assembling the direct carbon fuel cell
system of claim 1, the anode chamber of the system at least
one of containing or being configured to receive a second
clectrolyte and a fuel, the method comprising the step of
compression sealing an electrochemical cell between the
anode housing and the cathode housing, wherein at least one
seal 1s provided between the anode chamber and/or the
clectrochemical cell and/or the cathode chamber.

16. The system according to claim 1, wherein the first
clectrolyte and/or anode and/or cathode are provided using
a thin film process.

17. The system according to claim 16, wherein the first
clectrolyte 1s less than 50 um thick.

18. The system according to claim 1, wherein:

the anode chamber 1s provided with at least one support

member extending from the anode housing for support-
ing the electrochemical cell.
19. The system according to claim 18, wherein each
support member comprises a pillar.
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20. The system according to claim 19, wherein the support
member(s) extend to a position substantially level or planar
with an aperture defined by an end of a wall of the anode
chamber.

21. The system according to claim 1, wherein the elec-
trochemical cell 1s at least one of fixed or clamped between
the cathode housing and the anode housing.

22. The system according to claim 21, wherein an anode
side current collector 1s provided on the anode side of the
clectrochemical cell and an electrical connector extends
from the anode side current collector, between at least first
and second anode seals, so as to extend externally from the
anode chamber.

23. The system according to claim 21, wherein at least one
of the anode chamber seal or cathode seal comprise electr-
cally insulating seals.

24. The system according to claim 21, wherein at least one
of the at least one anode chamber seal or cathode seal
comprise a mineral seal.

25. The system according to claim 21, wherein at least one
of the anode chamber seal or cathode seal comprise at least
one of steatite, vermiculite, a vermiculite derivative, a
ceramic, or a ceramic adhesive.

26. The system according to claim 1, wherein the cell 1s
at least one of compression sealed or sealable.

27. The system according to claim 26, wherein at least
two bolt holes are provided 1n at least one of the anode or
cathode housings, and a sleeve of electrically insulating
material 1s provided 1n at least one bolt hole, such that the
isulating sleeves are located or seatable between at least
one of the anode or cathode housing and any bolts provided
in the bolt holes.

10

15

20

25

30

18

28. The system according to claim 1, wherein the first
clectrolyte comprises at least one of haftnia, zirconia, alu-
mina, yttria, ceria, lanthanum gallate.

29. The system of claim 28, wherein the first electrolyte
comprises a yttria stabilised zirconia and has a cubic crystal
structure.

30. The system according to claim 1, wherein the anode
chamber contains or 1s configured to receive a particulate or
powdered catalyst, that comprises at least one of nickel,
platinum, palladium, copper and/or 1ron.

31. The system according to claim 30, wherein the cata-
lyst 1s at least 10 weight % based on 100 weight % of the
clectrolyte.

32. A stack or assembly comprising at least two systems
according to claim 1, the at least two systems being linked
by a common fuel supply and/or exhaust and/or a common
oxidant supply and/or exhaust and/or be electrically con-
nected.

33. A method of operation of at least one of an electro-
chemical cell comprising a cathode, a solid state first elec-

trolyte and an anode or the stack or assembly of claim 32 in
order to produce electrical power, the method comprising
connecting the electrochemical cell and/or stack or assembly
to an electrical load and/or supplying fuel to the anode
chamber and/or oxidant to the cathode.

34. The method of claim 33, wherein the method com-
prises supplying purge gas to the anode chamber, the purge
gas comprising at least one of nitrogen, argon, or carbon
dioxade.
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